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In brief

Munoz et al. show that circulating
metabolites are differentially enriched in
portal versus peripheral blood.
Enrichment patterns are influenced by
diet, host genetics, and the gut
microbiome. These metabolites,
especially mesaconate/itaconate/
citraconate isomers, can directly
influence hepatic insulin signaling and
gene expression, highlighting an
important role in obesity-linked insulin
resistance.

® Portal and peripheral blood show distinct metabolite profiles
across strains and diets

@ Portal metabolite enrichment is shaped by diet, microbiota,
and host genetics

@ Antibiotics modulate portal metabolites, including TCA-
related mesaconate isomers

® Mesaconate isomers regulate insulin signaling, gene
expression, and liver fat levels
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SUMMARY

Diet and obesity contribute to insulin resistance and type 2 diabetes, in part via the gut microbiome. To
explore the role of gut-derived metabolites in this process, we assessed portal/peripheral blood metabolites
in mice with different risks of obesity/diabetes, challenged with a high-fat diet (HFD) + antibiotics. In diabetes/
obesity-prone C57BL/6J mice, 111 metabolites were portally enriched and 74 were peripherally enriched,
many of which differed in metabolic-syndrome-resistant 129S1/129S6 mice. Vancomycin treatment of
HFD-fed C57BL/6J mice modified the microbiome and the portal/peripheral ratio of many metabolites,
including upregulating tricarboxylic acid (TCA) cycle-related metabolites, like mesaconate, in portal blood.
Treatment of isolated hepatocytes with mesaconate, itaconate, or citraconate improved insulin signaling
and transcriptionally regulated genes involved in gluconeogenesis, fatty acid oxidation, and lipogenesis
in vitro and in vivo. In humans, citraconate levels are inversely correlated with plasma glucose. Thus, portal
versus peripheral metabolites play important roles in mediating effects of the microbiome on hepatic

metabolism and the pathogenesis of HFD-related insulin resistance.

INTRODUCTION

Insulin resistance is central to type 2 diabetes (T2D), obesity, and
the metabolic syndrome, all of which are products of gene-envi-
ronment interactions. A major mediator of gene-environment in-
teractions is the gut microbiome. Multiple studies have identified
significant differences in gut microbiota in humans and rodents
with obesity/T2D."? In general, elevated abundance of Firmi-
cutes compared with Bacteroidetes and Proteobacteria is asso-
ciated with insulin resistance, obesity, and glucose intoler-
ance."** Individuals with T2D also tend to have lower levels of
potentially beneficial butyrate-producing species, such as Eu-
bacterium rectale, Faecali prausnitzii, and Roseburia,” as well
as Akkermansia, which have been linked to improved metabolic
profiles through anti-inflammatory effects.® These findings are
supported by studies transferring microbiota from obese or dia-
betic donors into germ-free mice.>”°

The gut microbiome impacts systemic metabolism through
multiple mechanisms. It modulates intestinal permeability/

motility'®'" and gut hormone secretion'? and produces metab-

olites that affect host physiology,'®'* including bile acids,'>'®
short-chain fatty acids (SCFAs),'”' branched-chain amino
acids (BCAAs),?? and trimethylamine (TMA).2® Although a few
studies have assessed portal blood metabolites in specific con-
texts,>*?® most metabolomic studies assess peripheral blood,
potentially underestimating the effects of gut microbial metabo-
lites, which pass through the portal vein to the liver,>” where they
may be cleared or modified before reaching the systemic circu-
lation (Figure S1A).

In this study, we have characterized the effect of gut micro-
biota and their changes in response to high-fat diet (HFD) and
antibiotics (vancomycin and metronidazole) on the levels of me-
tabolites in both the portal and peripheral/cardiac circulation, as
well as the nature of portal/peripheral metabolites in mice with
differing propensity to metabolic syndrome on HFD. In line
with previous work,”?%2° gut microbiota exhibit major changes
with the introduction of an HFD diet/antibiotics and among
strains of mice. Consistent with our hypothesis, we find that
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Figure 1. Portal blood metabolites exhibit a unique signature in response to HFD
(A) Workflow of identification of portal- and cardiac-enriched metabolites (o < 0.05 and fold change > 1.25).
(B) Bar graph representation of the different classes of metabolites enriched in the portal and cardiac/systemic blood in C57BL/6J mice on chow and HFD.

(legend continued on next page)
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peripheral and portal blood have unique metabolomic profiles,
many of which can be linked to differences in the microbiome.
Among the portally enriched metabolites, several tricarboxylic
acid (TCA) cycle-related intermediates (aconitate, mesaconate,
citrate, and 2-hydroxyglutarate) could be linked to changes in
the gut microbiome at a metagenomic level. Importantly,
in vitro treatment of hepatocytes with mesaconate, itaconate,
and citraconate increased insulin-stimulated AKT phosphoryla-
tion and increased expression of genes involved in fatty acid
oxidation, as well as mitochondrial oxidative activity, while
downregulating genes involved in de novo lipogenesis. These ef-
fects were also observed in vivo and are consistent with findings
in human epidemiological studies. These data demonstrate the
importance of microbiome/intestine-derived metabolites, espe-
cially the TCA cycle intermediate mesaconate and related mole-
cules, on insulin sensitivity and the importance of understanding
portal versus peripheral differences in defining their implications
for host metabolism and health.

RESULTS

Portal and peripheral blood have different metabolomic
profiles

We and others have shown that gut microbiota play a major role
in the phenotype of diabetes/obesity-prone C57BL/6J (B6J)
mice.”?®?° Thus, HFD-fed B6J mice exhibit weight gain,
decreased insulin sensitivity, and glucose intolerance. These
phenotypes are improved by antibiotic treatment, which alters
the gut microbiome, and can be reproduced by the transfer of
gut bacteria of these mice into germ-free animals.”® To deter-
mine the role of circulating metabolites in this process, portal
and cardiac blood were collected from these mice under four
conditions (chow diet, HFD, HFD + vancomycin, or HFD + metro-
nidazole) and assessed by liquid chromatography-mass spec-
trometry (LC-MS).%?® The abundances of ~35,450 peaks were
measured, 498 of which were identified using reference stan-
dards (Figure 1A). Consistent with other studies,®* principal-
component analysis (PCA) analysis of metabolites from these
mice revealed two distinct groups representing portal and car-
diac blood (Figure S1B). Indeed, metabolite clustering was
more dependent on the vascular site of sampling than on diet
or antibiotic treatment.

In chow-fed animals, 111 metabolites were significantly en-
riched in portal blood and 74 enriched in cardiac blood, defined
as a >|1.25l-fold-difference and p < 0.05 (Figure 1A). Among por-
tally enriched metabolites, 73% were lipids, including various tri-
glycerides, diacylglycerols, and phospholipids (Figures 1B, 1C,
and S1C). Another 6% of portal-enriched metabolites were pri-
mary or secondary bile acids, while 7 were amino acids/N-
acetyl-amino acids (6%), and 4.5% were bacterial metabolites
derived from food, such as butyrate, tryptophan, histidine, and
vitamin A-derived metabolites (Figures 1B, 1C, and S1C). Sur-
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prisingly, several portally enriched metabolites were related to
the TCA cycle (aconitate, mesaconate, and 2-hydroxyglutarate)
or gluconeogenesis (phosphoglycerate/phosphoinositolpyru-
vate) (Figures 1B, 1C, and S1C). The higher concentration of
these metabolites in portal versus cardiac blood suggests that
the gut microbiome, food, and/or the intestine are major contrib-
utors of these metabolites to the circulation. By contrast, 74 me-
tabolites were significantly enriched in cardiac (peripheral)
blood. 57% of these were lipids, including other species of tri-
glycerides, diacylglycerides, phospholipids, cholesteryl esters,
docosanoids, and eicosanoids; 19% were amino acids (methio-
nine, histidine, tryptophan, and lysine); and 13.5% were nucleo-
sides or their derivatives, including AMP, UMP, guanosine
monophosphate (GMP), inosine, and hypoxanthine, all of which
showed 2.7- to 3.4-fold enrichment in cardiac blood (Figures 1B,
1C, and S1C). The high cardiac/portal ratio suggests that these
metabolites are, at least in part, contributed by the liver or other
host tissues.

Portal metabolite enrichment—Effects of diet

The composition of metabolites in portal/cardiac blood in mice
changed significantly in mice on 60% HFD for 11 weeks. The
number of metabolites enriched in portal blood decreased
from 111 to 48 (with 31 the same as on chow), while cardiac
blood-enriched metabolites decreased from 74 on normal
chow to 68 on HFD, with 42 unaffected (Figures 1B and 1D).
Reduction in portally enriched metabolites was primarily due to
a decrease in portally enriched lipids, which dropped from 81
to 17 species in HFD-fed mice (Figures 1B, 1D, and S1D). The
31 portally enriched metabolites unchanged between chow
and HFD included multiple TCA cycle-related metabolites, sug-
gesting they were derived from either the microbiome or intestine
rather than the diet. Conversely, 40 species, mainly lipids,
demonstrated significant changes in enrichment with changing
diet (Figure S1D). Most of these (26/40) lost portal enrichment
on HFD, while only C36:5 PC plasmalogen-A gained portal
enrichment (Figure S1D). Aspartate, glutamate, C56:10 TAG,
and C36:3 PE were changed by HFD but remained enriched in
portal blood (Figure 1E). Nine portally enriched TAGs shifted
enrichment from portal to cardiac blood in HFD mice, suggesting
that the portal-peripheral difference reflects either hepatic con-
tributions to these lipids, differences in intestinal TAG/DAG
secretion, or differences in lymphatic and venous absorption of
different lipid species (Figures 1F, S1D, and S1G).

While the number of metabolites enriched in cardiac blood was
similar on chow and HFD feeding, 6 cardiac-enriched metabolites
had reduced enrichment on HFD, including docosahexanoate, ei-
cosapentaenoic acid, and 20-HDoHE —all omega-3 fatty acids or
derivatives with anti-inflammatory properties (Figures 1G and
S1D-S1l). By contrast, proinflammatory omega-6-derived fatty
acids, including eicosadienoic acid, y-linoleic acid, arachidonate,
and adrenate, increased in abundance in response to HFD in both

(C) Pathways represented by the metabolites enriched in portal and cardiac blood.
(D) Venn diagram indicating the number of portal (top) or cardiac (bottom) enriched metabolites in mice on chow or HFD (paired t test p < 0.05 and fold

change > 1.25).

(E-G) Histogram illustrating metabolite enrichment measured as log, of the ratio of portal abundance/cardiac abundance (left) and boxplot (right) of the relative
abundance for glutamate (E), C52:1 DAG (F), and docosahexanoate (G). Data are expressed as mean + SEM (chow [n = 6] and HFD [n = 7]; *p < 0.05, **p < 0.01,
***p < 0.001; unpaired t test for the enrichment and paired t test for the abundance).

2050 Cell Metabolism 37, 2048-2065, October 7, 2025
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circulations (Figures S1D-S1l). These increased proinflammatory
and reduced anti-inflammatory metabolites likely contribute to
the increased insulin resistance associated with HFD.%"

Gut microbiome profile and TCA cycle metabolite
enrichment in portal blood

To assess the impact of the microbiome, two groups of HFD-fed
mice were given antibiotics—either vancomycin, which targets
gram+ organisms, or metronidazole, targeting gram— and gram-
+ anaerobes.*? As previously shown, in obesity/diabetes-prone
HFD-fed B6J mice, both antibiotics produced major changes
in gut microbiota and improved insulin resistance and glucose
tolerance.”® The changes in metabolites with HFD and antibi-
otics were associated with dramatic alterations of gut microbiota
(Figure 2A), with HFD inducing decreases of Lactobacillus, Bac-
teroides, and Parabacteroides and increases in Staphylococcus
and Lachnospiraceae (Figure 2B). Treatment with both antibi-
otics led to a loss of Lachnospiraceae and Helicobacter
(Figure 2B). In the vancomycin-treated group, this was associ-
ated with increases in Proteus, Bacillus, Enterococcus, Lactoba-
cillus, and Clostridium species, whereas metronidazole treat-
ment led to increases of Proteus and Paenibacillus species
(Figure 2B). Compared with chow, Shannon diversity and Bray-
Curtis indices were lower in mice on HFD, and this was some-
what reversed by metronidazole treatment (Figures S2A and
S2B). These changes were paralleled by changes at the species
level (Figure S2C).

In the portal circulation, both antibiotics induced significant
changes in the abundance of multiple metabolites, with ~1.5-
fold increases of 2-hydroxglutarate and mesaconate (metabo-
lites related to the TCA cycle) and a 1.2-fold increase in citrulline
(Figures 2C, S3A, and S3B). As expected, antibiotic treatment
led to 4- to 5-fold increases in portal levels of two primary bile
acids, tauro-muricholic acid and taurocholic acid, as well as
reduction of portal levels of secondary and primary unconju-
gated bile acids produced by gut bacteria (deoxycholate, hyo-
deoxycholic acid, tauro-lithocholic acid, and chenodeoxycho-
late A) (Figures 2C and S2D). These changes in bile acids are
likely due to impaired microbial metabolism and subsequent re-
absorption into the portal circulation and hepatic reuptake. Two
metabolites (ketodeoxycholate and aconitate) were increased in
portal concentration by metronidazole (Figure 2C), whereas nine
exhibited increases in enrichment in cardiac blood following van-
comycin treatment (putrescine, 4-pyridoxate, 6,8-dihydroxypur-
ine, and six triglyceride species) (Figure 2C).

As a result, portal versus cardiac enrichment was altered for
multiple metabolites by antibiotic treatment. Thus, both azelate
and sebacate were enriched in portal blood of mice on chow
and HFD but showed decreased enrichment with metronidazole
treatment (Figures 2D and S2E). Conversely, vancomycin
increased proline enrichment in portal blood (Figures S3A and
S3B). Likewise, hydroxyproline and ornithine showed increased
enrichment in portal blood in HFD mice following antibiotic treat-
ment (Figures S3A and S3B), while arginine (Figures S3A and
S3B), another urea cycle metabolite, was enriched in cardiac
blood independent of diet or antibiotics (Figures S3A and S3B).
In some cases, antibiotic treatment created a portal/peripheral
gradient for a metabolite not observed by HFD alone. Thus, uri-
dine and uracil did not exhibit enrichment in either portal or car-

¢? CellPress

diac blood in mice on chow or HFD, but treatment of HFD mice
with vancomycin, and to a lesser extent metronidazole, resulted
in significant enrichment of these metabolites in cardiac blood
(Figures 2E, S2F, and S3C). Metabolites related to histidine
and purine metabolism, which were also cardiac enriched,
were unchanged by antibiotic treatment (Figures S3D and
S3E). In addition, plasma levels of DAG C36:1, DAG, and
C54:2 and C51:1 TAGs showed increased cardiac enrichment
by vancomycin (Figure S3F).

TCA cycle metabolite enrichment in portal blood

The changes in microbiota following antibiotics were mirrored by
changes in TCA cycle-related metabolites. Thus, citrate/isoci-
trate, aconitate, mesaconate, and 2-hydroxyglutarate showed
portal enrichment in chow- and HFD-fed B6J mice, which further
increased with vancomycin and, to a lesser extent, metronida-
zole (Figure 3A). Metagenomic data revealed positive correla-
tions of these changes with the relative abundances of Akker-
mansia, Proteus sp., Gammaproteobacteria, Enterobacterales,
Lactococcus, and Lactobacillales (Figure 3B). Importantly, meta-
genomic data on the microbial genes encoding TCA cycle en-
zymes required for production of these metabolites also
increased in the vancomycin-treated HFD group, indicating
that these metabolites are likely derived from gut microbiota
(Figure 3C). Expression of several TCA cycle enzymes (Pdha,
Cs, Aco1, Acod1, Sdhb, and Mdh2) and the itaconate-mesaco-
nate converting enzyme (Suclg?) was upregulated in colonic
epithelium by vancomycin treatment (Figures 3D and S3G), sug-
gesting a possible contribution from the intestine as well.

Integrating microbiome differences and antibiotic
effects with strain differences

We have previously shown that B6J mice develop obesity/insulin
resistance when fed HFD, whereas 129S1 mice from Jackson
Labs (129J) and 129S6 (129T) mice from Taconic are metabolic
syndrome resistant®® (Figure 4A). Thus, following 12 weeks of
HFD, weights of B6J mice were higher than those of both 129
strains (Figure 4B), as was the level of insulin resistance/
HOMA-IR (22.7 + 2.9 versus 5.6 + 0.8 and 5.8 + 0.6)
(Figure 4C). Hepatic gene expression was consistent with these
metabolic differences, with lower levels of the lipogenic tran-
scription factor Srebp1c and Srebp1c target genes Acc, Fas,
and Scd1 in the liver of both 129 strains but no differences in
expression of gluconeogenic genes (G6pc, Pck1, and Fbp1)
(Figure 4D). Likewise, expression of Igfbp2, which inversely cor-
relates with hepatic steatosis and insulin resistance,*® was
increased by 4-fold in both strains of 129 mice as compared
with B6J.

To determine how gut microbial metagenomes contribute to
the gene expression differences between strains, we compared
the microbiomes in HFD-fed B6J, 129J, and 129T mice
(Figure 4E) to identify bacteria that could be metabolically bene-
ficial (class I) or metabolically harmful (class Il) based on their
abundance in different strains. Class |, potentially beneficial, mi-
crobes were exemplified by L. bacterium A4 (higher in 129J/129T
versus B6J); B. uniformis, P. goldsteinii, B. massiliensis,
M. schaedleri, and L. murinus (higher in 129T mice versus
B6J); and D. sp 5-2, E. faecalis, A. celatus, A. equolifaciens,
L. bacterium M18-1, O. sp 1-3, L. lactis, and C. cocleatum (higher

Cell Metabolism 37, 2048-2065, October 7, 2025 2051




- ¢ CellPress

0.4+

PC2 (25%)

-0.44

0.8

Vanco

Metro (@

(9]

Enriched in
poratl blood

Enriched in
cardiac blood

Up by vancomycin | * N-acetyﬂrgg’g).ghgg

Down by vancomycin

Down by metronidazole

Up by metronidazole

Up by vancomycin

T

T
-0.5 0.0

PC1 (56%)

0.5

* N-aceg/lputrescine
* T-g-M A/T-p-MCA
* taurocholate

* 2-hydroxyglutarate
* mesaconate

*  citrulline

* glycocholate

* chenodeoxycholate |
% taurolithocholate
*  deoxycholate

* HDCA/UDCA
trigonelline

azelate

aconitate

* ketodeoxycholate
o tryptophan
* |m|dazo|e8rop|onate |-
) 48:0 TAG

* 6,8-d|hydroxy8ur|ne
C50:0 TAG

C54:1 TAG

" 4052':c1{ TAtG
-pyridoxate

gg4:2 TAG

C51:1 TAG

% putrescine

Cell Metabolism

B 100+ ;

o Bl | achnospiraceae

N Il Helicobacter

8 B Lactobacillus

8 Il Bacteroides

c 1 I Parabacteroides

2 507 B Clostridium

PO B Proteus

2 Il Bacillus

% Il Enterococcus

x 1 Il Paenibacillus
0 I Staphylococcus

C H V M

Metabolite abundance

Z-score

-3

Lipids
* B.A.
* TCA/sugar
* Amino acid

*
*

Produced by bacteria
from dietary components
Nucleosides

other

o

Enrichment

*

N
|

'
N
|

&
&
X

4N

Log2 (Portal / Cardiac)
v

;

Relative
Abundance (x10°)

N

Azelate

n
o
|

ns

\

N
(3]
|

e
o
|

N
o
|

o
S
&

Abundance

Metro

Vanco

HFD

Vanco Metro

Portal enriched

Enrichment

N
|

ns

N
|

S|

'
N
|

[8; T
PB CBiPB CBiPB CB

N
L

HFD Vanco Metro

Log2 (Portal / Cardiac)

.
.
(o]

&

Q
K
Q\AQ’

o
<
&

N

Cardiac enriched

Uridine
Abundance

ns ns *
- %

PB CBgPB CB:PB CB
HFD Vanco Metro

N -
o &)}
| |

Relative
(¢
|

Abundance (x106)

(=)

Figure 2. Treatment of HFD mice with antibiotics increases TCA/urea cycle-related metabolites in portal blood

(A) Principal-component analysis (PCA) plot of gut bacteria in cecal samples from mice on chow, HFD, HFD + vancomycin, and HFD + metronidazole.

(B) Graphical representation of the gut bacteria genera in the cecum of mice on chow “C,” HFD “H,” HFD + vancomycin “V,” and HFD + metronidazole “M.”
(C) Heatmaps representing portal and cardiac blood-enriched metabolites showing significant changes (unpaired t test p < 0.05) induced by vancomycin or
metronidazole treatment of HFD mice. Histogram illustrating the enrichment (left) and graphical representation of individual values of the relative abundance
(right) for azelate (D) and uridine (E). Data are expressed as mean + SEM for enrichment and as individual values for the abundance (n = 6-7; ns, non-significant;
*p < 0.05, unpaired t test for the enrichment and paired t test for the abundance).
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Figure 3. Reshaping gut microbiota leads to portal enrichment of TCA cycle metabolites

(A) Boxplots of the relative abundance of metabolites from the TCA cycle in portal and cardiac blood from mice on chow (n = 6), HFD (n = 7), HFD + vancomycin
(Vanco) (n = 6), and HFD + metronidazole (Metro) (n = 7-8). “p < 0.05, **p < 0.01; Kruskal-Wallis followed by a Dunn’s multiple comparison.

(B) Heatmap showing the correlation coefficients of portal blood TCA cycle metabolites and gut bacteria species (Pearson correlation *p < 0.05).

(C) Heatmap demonstrating the contribution of the gut microbiome to the main enzymatic reactions of the TCA cycle based on the Enzyme Commission (EC)
numbers and the metagenomic data.

(D) Gene expression of TCA cycle enzymes (Pdha, Cs, Aco1, Acod1, Suclg1, Sdhb, and Mdh2) in the colon of B6J mice under chow, HFD, HFD + vancomycin
(Vanco), and HFD + metronidazole (Metro) (n = 4-5). Gene expression was normalized to the level of 36b4. Data are expressed as mean + SEM (*p < 0.05,
**p < 0.01; one-way ANOVA followed by Tukey’s post test; #, portal-enriched; $, cardiac enriched).
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Figure 4. C57BL/6J mice are prone to develop obesity and insulin resistance as compared with 129S6/SvEvTac (129T) and 129S1/SvimJ
(129J) mice
(A) Schematic representation of the three strains (B6J, 129T, and 129J) used in the experiment. 8-week-old animals were on HFD for 12 weeks, after which
samples were collected for metabolomics and microbiota profiling.

(legend continued on next page)
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in 129J versus B6J) (Figure 4E). Indeed, class | bacteria showed
significant negative correlations with body weight, blood
glucose, HOMA-IR, and hepatic lipogenic markers and positive
correlations with hepatic Igfbp2, consistent with a role in insulin
sensitivity and reduced body weight (Figure 4F). Class Il, poten-
tially harmful, microbes, on the other hand, included P. bacte-
rium CAG 139, D. newyorkensis, F. rodenttium, B. thetaiotaomi-
cron, . valens, and P. excrementihominis (lower in abundance in
129J/129T compared with B6J); L. johnsonii, A. muciniphila, and
R. ilealis (lower in 129T versus B6J); and L. bacterium 28-4 and
E. caecimuris (lower in 129J versus B6J) (Figure 4E). Class Il mi-
crobes showed positive correlations with body weight, blood
glucose, HOMA-IR, and hepatic lipogenic enzyme expression,
and a negative correlation with hepatic Igfbp2 (Figure 4F),
consistent with a role of these in insulin resistance and metabolic
syndrome.

These strain-specific differences in microbiota in cohort 2
could be further refined as potentially beneficial versus harmful
based on their response to HFD and antibiotics in B6J mice in
cohort 1 (Figure 4G). Of the 14 potentially beneficial microbiota
identified in the strain comparison, 6 were lower in B6J mice
on HFD compared with chow (L. bacterium A4, B. uniformis,
M. schaedleri, L. murinus, O. sp 1-3, and D. sp 5-2), and 5 of
these were rescued by antibiotic treatment (Figures 4G and
S4A). We termed these class I+, indicating they were associated
with insulin sensitivity in the comparison of mouse strains and in
the analysis of the effects of HFD/antibiotics in B6J mice.
Conversely, 11 class Il microbial species were enriched in
HFD-fed B6J mice relative to the 129 strains and thus potentially
harmful. Two (D. newyorkensis and L. bacterium 28-4) were up-
regulated by HFD and attenuated by antibiotics in cohort 1, and
another two (L. johnsonii and E. caecimuris) were attenuated by
antibiotics (Figures 4G and S4B), consistent with a role as drivers
of metabolic syndrome. We termed these class Il+ microbes.

Using metagenomic data from the microbial analysis, we
sought to identify specific metabolic pathways enriched in class
I+ versus class I+ bacteria linked to beneficial or adverse effects.
Indeed, L. bacterium A4 and D. sp 5-2, which were more abun-
dant in 129J versus B6J, attenuated by HFD, and recovered by
antibiotics in B6J (class I+), showed reduced presence of micro-
bial genes in pathways related to galactose degradation, keto-
genesis, L-phenylalanine degradation, and peptidoglycan
biosynthesis and positive association with genes linked to
L-lysine biosynthesis, L-tryptophan biosynthesis, gluconeogen-
esis, and glycolysis (Figure S4C). By contrast, D. newyorkensis
and L. bacterium 28-4, which were enriched in the B6J versus
129 microbiota, increased by HFD and attenuated by antibiotics,
i.e., class ll+ microbes, showed a negative association of micro-
bial genes related to L-tryptophan biosynthesis, gluconeogen-
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esis, L-isoleucine biosynthesis, and glycolysis, but a positive as-
sociation with genes involved in ketogenesis, L-phenylalanine
degradation, L-glutamine biosynthesis, and galactose degrada-
tion (Figure S4C).

Class I+ and I+ bacteria were associated with strain-
specific portal/cardiac enrichment

To integrate host effects, gut microbial profile, and portal enrich-
ment of metabolites, we performed metabolomics in portal/car-
diac blood of B6J, 129J, and 129T mice on HFD. Interestingly,
only 27 metabolites were portally enriched in all three strains,
while 28 were exclusively enriched in B6J mice, 12 exclusively
enriched in 129T mice, and 41 exclusively enriched in 129J
mice (Figures S5A and S5B). Likewise, 14 metabolites were car-
diac-blood-enriched exclusively in B6J, 19 in 129T, and 7 in
129d, with 24 metabolites cardiac enriched in all strains
(Figures S5A and S5C). Strain-specific enrichment included
stearate, which was portally enriched in B6J but not in 129T/
129J mice (Figure S5D), whereas acetyl-galactosamine was por-
tally enriched in 129T/129J strains but not in B6J mice
(Figure S5E). Cardiac-enriched metabolites also exhibited
strain-specific differences. C4 carnitine was ~2-fold cardiac en-
riched in B6J but not enriched in either the 129 strain
(Figure S5F). Methionine sulfoxide, on the other hand, was en-
riched ~4-fold in cardiac blood of 129T and 129J mice, but not
in the B6J (Figure S5G). Similarly, C2 carnitine showed portal
enrichment in 129T/129J but cardiac enrichment in B6J mice,
while glycerate showed portal enrichment in B6J but no enrich-
ment in 129T/129J mice. Some metabolites like acetyltyrosine
and acisoga were portally enriched across all strains but with
quantitative differences between strains (Figures 5A and S5H).
These strain-specific differences in portal/cardiac blood metab-
olites could contribute to the differences in metabolic syndrome
risk among strains.

The changes in portal metabolite concentration were not well
correlated with cecal metabolomics. Indeed, of the 243 metabo-
lites identified in both the cecal content and portal blood, only 32
(13.2%) positively correlated (p < 0.05) between these sites. This
is not surprising, since metabolites can be generated and ab-
sorbed in different regions of the gut and appear enriched in por-
tal blood. Moreover, it is possible that the gut microbiome com-
municates with intestinal cells and surrounding cells to produce
or utilize metabolites, and this could add to differences between
the cecum and portal blood concentrations. Thus, while some
metabolites like glycerate, acisoga, p-hydroxyphenylacetate,
and adipate/methylglutarete showed significant correlation
with the cecal abundance, many others did not (Figure S5I).

To further explore the relationship between metabolically
beneficial (class I+) and metabolically harmful (class Il+) bacteria,

(B and C) (B) Body weight and (C) HOMA-IR in C57BL/6J (n = 6), 129T (n = 6), and 129J (n = 6).
(D) Expression of genes of lipogenesis (Srebp1c, Fas, Scd1, and Acc), gluconeogenesis (G6pc, Pck1, and Fbp1), and an insulin sensitivity marker (Igfbp2) in the
liver, all normalized to the level of 36b4. Data are expressed as mean + SEM and further normalized to the level in C57BL/6J mice (n = 6) (*p < 0.05, **p < 0.01;

Kruskal-Wallis followed by a Dunn’s multiple comparison).

(E) Heatmap illustrating the variation of abundance of gut bacterial species (class | and class Il) in B6J, 129T, and 129J. Data are expressed as relative abundance

(n=6).

(F) Heatmap illustrating the Pearson correlation of species-specific bacteria in the gut with physiological parameters (body weight, blood glucose, and HOMA-IR)

and hepatic genes (Pearson correlation *p < 0.05).

(G) Box showing the bacteria species that were improved by HFD or counteracted by antibiotics in cohort 1.
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Figure 5. Class I+ and I+ bacteria species correlated with portal metabolite enrichment

(A) Log. of the ratio of portal abundance/cardiac abundance (left) for acetyltyrosine, C2 carnitine, acisoga, and glycerate in B6J, 129T, and 129J mice.

(B and C) (B) Positive (red) or negative (blue) correlation of class I+ and I+ bacteria species with metabolite enrichment (C) in the portal and cardiac blood of B6J,
129T, and 129J represented in the heatmap.

(D) Logs of the ratio of portal abundance/cardiac abundance (left) for phosphocholine, mesaconate, imidazoleacetic acid, and eicosadienoate in B6J, 129T, and
129J mice. Data are expressed as mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test for comparison between conditions).

we correlated average levels of these microbiota with portal tabolites with significant correlation, 33 showed higher portal
versus cardiac enrichment of individual metabolites across all  enrichment in 129 compared with B6J mice, while 18 showed
three strains of mice on HFD (Figure 5B). Of the measured me-  greater portal enrichment in B6J mice (Figure 5C). In general,
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Figure 6. Mesaconate and its isomers improve hepatic metabolism

chematic representation o cycle intermediates to generate itaconate, mesaconate, and citraconate.
(A) Schemati tation of TCA cycle intermediates t te itaconat te, and cit t
(B) pIRpY180Y1151 pbhosphorylation and pAktS*7® phosphorylation following insulin-stimulation (100 nM) of HepG2 cells treated with 1 or 10 uM mesaconate for

24 h,

(C) Time course (3, 6, and 24 h) of expression of lipogenic genes (SREBP1C, ACC1, FAS, SCD1, and DGATT) and fatty acid oxidation genes (PGC1a, PPARa,
ACOX1, ACSL1, and MCAD) in HepG2 cells following treatment with 10 M itaconate (blue line), mesaconate (red line), or citraconate (green line). Gene
expression was normalized to the level of the Actb gene. The asterisk (*) indicates a significant difference of that time point to the 0 h time point, using the color

code indicated above.
(D) Luciferase assay of PGC1a proximal promoter, PPAR response elements,
onate, and citraconate (10 pM, for 6 h).

and SREBF1 response elements in HepG2 cells treated with itaconate, mesac-

(legend continued on next page)
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metabolites with higher portal enrichment in 129 mice positively
correlated with abundance of class |+ bacteria and negatively
correlated with class I+ bacteria (Figure 5B). For some metabo-
lites, e.g., 4-pyridoxate, uridine, and C3/C4 carnitines, there was
strain switching of enrichment, being cardiac enriched in B6J
mice but portally enriched in 129 strains (Figure 5C). Conversely,
glycerate, alpha-linolenate, thymine, palmitoleate, ectoine, and
imidazoleacetic acid were portally enriched in B6J mice but car-
diac enriched in 129T/129J (Figure 5C), indicating differences in
extraction/addition of metabolites by the liver in the three mouse
strains. In every case, metabolites with higher portal enrichment
in B6J mice negatively correlated with class |+ bacteria and posi-
tively correlated with class |+ bacteria (Figures 5B and 5C).
Other metabolites with higher portal enrichment in 129 versus
B6J mice included phosphocholine and mesaconate (Figures
5C, 5D, and S4D), while metabolites that exhibited higher portal
enrichment in B6J versus 129 mice included imidazoleacetic
acid and eicosadienoate (Figures 5C, 5D, and S4D). Several me-
tabolites with higher portal enrichment in 129 showed negative
correlations with body weight, HOMA-IR, and lipogenic gene
expression and positive correlations with hepatic Igfbp2 mRNA
levels (Figure S4E). By contrast, metabolites with higher portal
enrichment in B6J showed positive correlations with body
weight, HOMA-IR, and lipogenic gene expression, and negative
correlations with Igfbp2 mRNA levels (Figure S4E). Thus, metab-
olites showing higher portal levels and portal enrichment in 129J/
129T mice were associated with a better metabolic phenotype,
whereas metabolites enriched in the portal blood of B6J mice
were associated with a worse metabolic phenotype.

Mesaconate and its isomers modulate hepatic
metabolism and gene expression

Metabolomics from antibiotic (especially vancomycin)-treated
HFD-B6J mice and 129J/129T strains that have increased insulin
sensitivity and lower risk of metabolic syndrome revealed several
TCA-cycle-derived intermediates, e.g., aconitate and mesaco-
nate, to be enriched in portal blood (Figures 3A, 5D, and S4D).
We hypothesized that these metabolites act as intermediates
between the microbiome or microbiome effects on hepatic insu-
lin action and metabolic regulation (Figure 6A). We therefore
tested the effects of these metabolites on signaling and gene
expression in HepG2 hepatocytes, focusing on concentrations
within the physiological range. Interestingly, all three metabolites
improved IR and Akt phosphorylation, with 10 pM mesaconate
increasing pIRBY'15¥Y1181 hhosphorylation by 31% and pAktS*73
phosphorylation by 80% (Figures 6B and S6A-S6C). All three
metabolites also reduced mRNA levels of the major upstream
regulators of lipid metabolism, SREBP1C, CHREBP, and LXRp,
by 30%-60%, with smaller reductions in SREBP1A and LXR«a
(Figures 6C, S6D, and S6E) at 3-24 h. Importantly, this was
accompanied by 25%-76% downregulation of downstream
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genes for de novo lipogenesis, including ACC1, FAS, SCD1,
and DGATT1 (Figure 6C), as well as the long-chain fatty acid trans-
porters CD36 and FATP1. These reductions were paralleled by
reductions in protein content (Figure S6F).

At the same time, mesaconate and its isomers led to 2- to
3-fold increases in expression of PGC1a, PPARa, ACOXT,
ACSL1, and MCAD, reflecting increased fatty acid oxidation
(Figure 6C, bottom), and upregulation of SREBP2, a key regu-
lator of cholesterol metabolism, and its target genes HMGCS,
SQLE, and ACAT1 (Figures S6D and S6E). Upregulation of
PPARa and ACSLT1 in response to metabolites was confirmed
at the protein level (Figure S6F). Although no metabolite pro-
duced changes in FOXO1 expression, itaconate, mesaconate,
and to a lesser extent, citraconate produced upregulation of
PCX, PK, and PDHA genes (Figures S6D and S6E). Interest-
ingly, several genes involved in glucose metabolism, including
G6PC, PCK1, and PK, were downregulated by citraconate but
upregulated 1.6- to 2.2-fold by itaconate or mesaconate
(Figures S6D and S6E). The changes are summarized in
Figure S6E, indicating upregulation of genes of fatty acid oxida-
tion/glucose metabolism and downregulation of genes of de
novo lipogenesis and their respective transcription factors by
itaconate, mesaconate, and citraconate. These effects were
blocked by the inhibitor of transcription triptolide (Figure
S7A). Consistent with this, treatment of HepG2 cells with these
metabolites increased luciferase activity of the PGC1a proximal
promoter and PPAR response elements, while decreasing ac-
tivity of a reporter plasmid under control of the sterol-respon-
sive element SREBF1, with no changes on LXR activity
(Figure 6D). Metabolite treatment after small interfering RNA
(siRNA) knockdown of PPARa or a PPARa antagonist led to
an ~60% decrease in PPARa expression (Figure S7B) and
loss of metabolite effects to upregulate ACOX1, ACSL1, and
MCAD (Figure 6E), confirming that these effects were depen-
dent on PPARa.

These changes in gene expression induced by mesaconate
and its isomers altered mitochondrial function. Thus, mitochon-
drial membrane potential in HepG2 cells was upregulated by
treatment with 10 pM itaconate or citraconate and trended to
be increased by mesaconate (Figure S7C). In addition, when
AML12 hepatocytes were treated with these three metabolites,
all enhanced basal oxygen consumption and maximal respira-
tion in response to carbonyl cyanide-4-(trifluoromethoxy)phe-
nylhydrazone (FCCP) (Figure 6F). This improved mitochondrial
function was accompanied by lower acetate incorporation un-
der both starvation and insulin-stimulated conditions, consis-
tent with reduced de novo lipogenesis (Figure 6G). As with
gene expression, these effects were lost when transcription
was inhibited with triptolide (Figure 6F). Additionally, the effects
of the metabolites on mitochondrial oxidation were diminished
when cells were treated with a mitochondrial pyruvate carrier

(E) Expression of genes downstream of PPARa (ACOX1, ACSL1, and MCAD) in HepG2 cells transfected with a control non-targeting siRNA (siNT), siPPAR«a
(5 pmol/well, 48 h), and PPARa antagonist (GW6471, 10 uM, 24 h). Expression was normalized to the level of the Actb gene. The cells were transfected 48 h before
collection, and the antagonist was added 24 h before collection. In the last 6 h, cells were treated with the metabolites at 10 pM for 6 h.

(F) Oxygen consumption rate of AML12 hepatocytes pretreated with itaconate, mesaconate, and citraconate (10 uM, for 6 h). A parallel set of cells was pretreated
with triptolide (TPL, 100 nM, for 2 h) prior to treatment with itaconate, mesaconate, and citraconate.

(G) "*C-Acetate incorporation in HepG2 cells after serum starvation or insulin treatment (100 nM, for 6 h) in combination with itaconate, mesaconate, and cit-
raconate treatment at 10 uM for 6 h. Data are expressed as mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA followed by Tukey’s post test).
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Figure 7. Mesaconate and its isomers correct insulin resistance in hepatocytes

(A) Schematic of itaconate and mesaconate in vivo treatment. Male C57BL/6J (B6J) at 8 weeks old on a chow diet were intraperitoneally (i.p.) injected for 3
consecutive days. Liver was collected 6 h after the last injection for analysis of gene expression and mitochondrial function.

(B) Expression of de novo lipogenesis genes (Srebp1c, Acc1, Fas, and Scd7) and FAO genes (Ppara, Acox1, Acsl1, and Mcad) was assessed by real-time gPCR
normalized to the level of the Actb gene.

(C) Mitochondrial function of liver lysates from itaconate- and mesaconate-treated mice in response to malate + glutamate (M + G), ADP, oligomycin, FCCP, and
rotenone/antimycin a (R/A) was assessed by Oroboros.

(D) Schematic of metabolite treatment in primary hepatocytes derived from chow- or HFD-fed mice.

(legend continued on next page)
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inhibitor (Figure S7D), consistent with arole of glycolytic capac-
ity in this effect (Figure S7E). Again, these effects were blocked
by pretreatment with the transcription inhibitor triptolide
(Figure S7F).

Mesaconate and its isomers improve hepatic
metabolism in vivo and correct insulin resistance
To determine if the effects observed in vitro occur in vivo, we
treated B6J mice with itaconate or mesaconate (10 mg/kg intra-
peritoneally) for 3 days (Figure 7A) and assessed gene expres-
sion and mitochondrial metabolism. Recapitulating the in vitro
effects, in vivo treatment of mice with itaconate/mesaconate
reduced hepatic expression of Srebpic, as well as genes
involved in de novo lipogenesis, by ~50% (Figure 7B). At the
same time, expression of Ppara and its downstream genes
involved in fatty acid oxidation was upregulated by 5- to 6-fold
(Figure 7B). These effects were accompanied by increased
oxidative activity, as well as responses to malate and glutamate,
in isolated mitochondria from both the itaconate- and mesaco-
nate-treated mice (Figures 7C and S7G). Thus, itaconate and
mesaconate at physiological concentrations can regulate hepat-
ic gene expression and function both in vitro and in vivo.
Toinvestigate the effects of mesaconate isomers under path-
ological conditions, we isolated hepatocytes from chow- and
HFD-fed B6J mice and metabolite treated them in vitro
(Figure 7D). Primary hepatocytes from HFD-fed mice exhibited
marked insulin resistance with reduced insulin-stimulated
phosphorylation of IRBY'159Y1151 and AktS*”® compared with
hepatocytes from chow-fed mice (Figures 7E and S7H). Treat-
ment of these insulin-resistant hepatocytes with itaconate, me-
saconate, or citraconate restored insulin sensitivity to levels
observed in chow-fed mice (Figures 7E and S7H). This was
accompanied by a reduction in intracellular lipid content
(Figures 7F and 7G), reflecting transcriptional reprogramming
by mesaconate isomers that promotes a reduction in de novo
lipogenesis and enhances fatty acid oxidation (Figure 7H).
Finally, in samples from the Jackson Heart Study, a large, com-
munity-based study trying to identify risk factors for heart
disease in African Americans, there was a significant negative
correlation between citraconate levels and fasting glucose
(B=—3.508, p =0.017) (Figure 71), suggesting that these metab-
olites may exert beneficial effects on cardiometabolic health in
humans as well.

DISCUSSION
The gut microbiome is a major contributor to health and disease

through multiple mechanisms, including effects on intestinal
integrity, regulation of inflammation, and contributions to circu-
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lating metabolites through the actions of the bacteria on dietary
constituents.**® These factors can be modulated by the nature
of the diet, composition of the microbiome, and host genetics.
The portal vein drains blood from the intestine,?” making the liver
the first site of impact of gut microbiota-derived metabolites.
Here, we have explored this interaction by assessing portal
versus peripheral serum metabolites in strains of mice with
different propensities to metabolic syndrome on chow and
HFDs, as well as metabolic syndrome-prone B6J mice on HFD
without/with antibiotic treatment. We show that the metabolomic
profile in portal blood is quantitatively and qualitatively distinct
from that in cardiac blood and that this relationship changes
differently in different strains of mice and in response to diet/an-
tibiotics. More importantly, these differences can be used to
identify metabolites that have potent effects on hepatic insulin
action and gene expression.

In obesity/diabetes-prone C57B/6J mice, many bile acids,
N-acetylated amino acids, citrulline, and TCA cycle-related me-
tabolites are significantly enriched in portal versus peripheral
blood, indicating that the gut/gut microbiota are important con-
tributors to the circulating levels of these metabolites. By
contrast, nucleosides, cholesteryl esters, and essential fatty
acids are enriched in cardiac blood, suggesting a role of the liver
and other tissues in contributing these to the circulation. HFD in-
duces major changes in the portal/cardiac blood metabolomic
profiles. However, the nature of these changes is not always intu-
itive. For example, lipids are enriched in portal or peripheral
blood depending on the species. SCFAs, which are known bac-
terial metabolites,'” are enriched in portal blood, while choles-
teryl esters and essential fatty acids are enriched in cardiac
blood. Some of these differences may relate to the pathway of
entry of the metabolite into the circulation.®”*® SCFAs/me-
dium-chain fatty acids present in the gut are taken up directly
into the portal circulation, whereas long-chain fatty acids and
many triglycerides are incorporated into chylomicrons and ab-
sorbed via lymphatics, entering the peripheral circulation when
the thoracic duct drains into the subclavian vein.®” Hence, the ef-
fects of HFD on portal enrichment of many TAGs can be ex-
plained by a combination of reshaping of the gut microbiome
and alterations in intestinal lipid absorption.®° Indeed, lipid ab-
sorption in germ-free mice is reduced as compared with conven-
tional mice, and this contributes to their relative resistance to
diet-induced obesity.*°

Besides lipids, N-acetylated amino acids show portal enrich-
ment, which is affected by HFD. N-acetylation is a common pro-
tein modification,*' which has been related to Crohn’s disease.*?
N-acetylated amino acids are less abundant in portal blood of
germ-free mice,*® suggesting a bacterial origin. By contrast, me-
tabolites that show cardiac blood enrichment, such as purines

(E) pIRBY1199Y1181 and pAktS*”® phosphorylation in insulin-stimulated (100 nM) primary hepatocytes treated with itaconate, mesaconate, or citraconate

(10 uM, 6 h).

(F) Representative images of BODIPY staining of primary hepatocytes treated with itaconate, mesaconate, or citraconate (10 uM, 6 h).

(G) Quantification of relative fluorescence units (RFUs) from BODIPY staining.

(H) Expression of de novo lipogenesis genes (Srebp1c, Acc1, Fas, and Scd1) and FAO genes (Ppara, Acox1, Acsl1, and Mcad) in primary hepatocytes derived
from chow- or HFD-fed mice, treated with itaconate, mesaconate, or citraconate (10 uM, 6 h). Target gene expression was normalized to the level of the Actb
gene. Data are expressed as mean = SEM. One-way ANOVA followed by post test Tukey’s is indicated: $p < 0.05, $$p < 0.01, $$$p < 0.001 for comparisons with

chow-Veh; *p < 0.05, **p < 0.01, **p < 0.001 for comparisons with HFD-Veh.

(I) Correlation between fasting plasma glucose levels (FPGV1) and citraconic acid in humans in the Jackson Heart Study (JHS) cohort.
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(xanthine and hypoxanthine) and pyrimidine (uracil), as well as
nucleosides (uridine and thymidine) and nucleotides, such as
AMP, can all be produced by the liver, leading to enrichment in
cardiac versus portal blood.**

To define the effects of the microbiome, host genetics, and
diet on the portal metabolome, we integrated data comparing
the effects of HFD on metabolic syndrome-prone B6J mice to
metabolic syndrome-resistant 129J/129T mice and data on
HFD-fed B6J mice treated with antibiotics, which are potent
modifiers of the microbiome known to improve insulin resis-
tance.??%?° Combining these cohorts, we identified two classes
of gut microbiota: class I+, associated with metabolic benefit
(higher in 129 than B6J mice and upregulated in B6J by antibi-
otics), versus class Il+ microbes that were metabolically detri-
mental (low in 129 versus B6J and attenuated in B6J by antibi-
otics). Class I+ microbes include L. bacterium A4, B. uniformis,
M. schaedleri, L. murinus, D. sp5-2, and O. sp 1-3, while class
ll+ includes D. newyorkensis, L. johnsonii, L. bacterium 28-4,
and E. caecimuris. Metagenomes of class Il+ metabolically detri-
mental bacteria reveal high levels of genes involved in ketogen-
esis, galactose/phenylalanine degradation, and peptidoglycan
biosynthesis, whereas class I+ metabolically beneficial microbes
showed enrichment of pathways for lysine/tryptophan/isoleu-
cine biosynthesis, gluconeogenesis, and glycolysis.

Correlating these bacterial classes with metabolite enrichment
reveals 18 metabolites that show higher portal enrichment in
B6J mice and a positive association with insulin resistance,
including eicosadienoate, glycerate, thymine, ectoine, imidazole-
acetic acid, and methionine sulfoxide. By contrast, 33 metabolites
are enriched in portal blood of mice with low risk of metabolic syn-
drome (129 mice and HFD-B6J mice on antibiotics) and positively
correlate with markers of insulin sensitivity, including phospho-
choline, acetyltyrosine, alanine, C2/C3/C4 carnitine, and mesaco-
nate. Among these, phosphocholine has been previously associ-
ated with higher insulin sensitivity,® and alanine supplementation
has been shown to improve insulin sensitivity in humans.*®

The most striking finding, however, is the presence of higher
portal levels and portal enrichment of multiple TCA cycle metab-
olites associated with the insulin-sensitive state. Although both
gut bacteria and host intestinal cells use the TCA cycle in their
normal metabolism,*’ this finding is most prominent in HFD
mice treated with vancomycin and correlates with gut microbiota
showing enrichment of TCA cycle-related enzymes. It is impor-
tant to keep in mind that while some microbiota have a full com-
plement of genes required for the TCA cycle, some bacteria ex-
press genes for only a few of the enzymes of the cycle, allowing
accumulation of different TCA metabolites,*” and others utilize
reverse Krebs/TCA cycle reactions to produce carbon com-
pounds from carbon dioxide.*® In addition, it is possible that
different gut bacterial species and their metabolites regulate in-
testinal metabolism“®™? and hence its metabolite production.
This may also vary in different regions of the gut, as exemplified
by selective upregulation of several TCA cycle enzymes in the
colon of the vancomycin group.

Finding portal enrichment of multiple TCA cycle metabolites
(citrate/isocitrate, aconitate, mesaconate, fumarate/maleate,
and 2-hydroxyglutarate) associated with insulin sensitivity sug-
gests that portal enrichment of these metabolites may positively
influence hepatic metabolism. Indeed, when hepatocytes are
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incubated with physiological concentrations of mesaconate
and its isomers, we observe reduced expression of multiple
genes related to de novo lipogenesis, including their upstream
transcription factors. In addition, these metabolites increased
expression of PGC1a, PPARa, and downstream genes involved
in fatty acid oxidation. These changes are associated with
reduced acetate incorporation into lipids, enhanced mitochon-
drial function, and increased glycolytic capacity. All of these ef-
fects are mediated by transcriptional processes and blocked by
triptolide or knockdown of upstream transcriptional regulators.

Recently, mesaconate, itaconate, and citraconate have been
shown to suppress LPS-induced gene expression in macro-
phages, reduce cytokine/chemokine release, and reduce oxida-
tive stress, all of which would improve insulin sensitivity.>*>°
Iltaconate has also been shown to increase fatty acid oxidation
through stabilization of CPT1a,”® protect against oxidative
stress,”’ and enhance the ability of hepatocytes to metabolize
fatty acids.®® We find that mice treated with itaconate/mesaco-
nate show a reduction of de novo lipogenesis genes, increases
in genes of fatty acid oxidation in the liver, and improved mito-
chondrial function. Importantly, when primary hepatocytes are
isolated from HFD-fed mice, treatment with mesaconate and
its isomers rescues insulin signaling to chow-fed levels, de-
creases lipid accumulation, and normalizes expression of genes
related to de novo lipogenesis and fatty acid oxidation. In addi-
tion, in human population studies, citraconate levels are nega-
tively correlated with multiple measures of metabolic syndrome,
including BMI, fasting glucose, and triglycerides. Thus, these
TCA-cycle-related intermediates are not just markers of meta-
bolic syndrome but can also serve as regulators of metabolism.
Determining the exact source of portal metabolites is chal-
lenging, since in addition to gut bacteria producing metabolites,
the intestine is metabolically active®®°" and may also be regu-
lated by gut bacteria.**>?

In conclusion, metabolites exhibit significant differences in level
in portal versus peripheral blood. This differs among mouse
strains, as well as following HFD and/or antibiotic treatment. In
many cases, these affect portal levels of the metabolite with little
or no change in concentration in the systemic circulation. These
portal metabolites can affect hepatic metabolism and metabolic
phenotype. Indeed, the TCA cycle intermediate mesaconate
and its isomers are strong regulators of hepatic insulin signaling
and gene expression, enhancing hepatic fatty acid oxidation
and reducing de novo lipogenesis. |dentification of regulatory me-
tabolites provides new insights into the mechanisms by which gut
microbiota regulate host metabolism and the opportunity to use
these to protect from the development of or treat metabolic
syndrome.

Limitations of the study

This study provides important advances in understanding how
gut microbiota influence hepatic metabolism via portal-circu-
lating metabolites; however, the precise origin of these metabo-
lites remains to be determined, since both gut bacteria and en-
terocytes are metabolically active and share many pathways.
Moreover, microbial composition and gene expression vary in
different regions of the gastrointestinal tract, making it chal-
lenging to pinpoint the exact location of metabolite production.
Future studies should aim to identify specific genes within
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defined bacterial taxa linked to the production of these metabo-
lites, thereby enabling more targeted strategies to manipulate
their levels. In addition, metabolite levels are in constant flux,
and the metabolomics analysis was done at only one time point
(2 h fast in mice). Fasting, refeeding, and differing nutrients in the
diet will certainly modulate the enrichment of metabolites in the
portal and cardiac circulation. It is also important to keep in
mind that improvement in metabolism can be the result of multi-
ple factors. Indeed, although treatment with either vancomycin
or metronidazole improved metabolic function, the enrichment
of TCA cycle-related metabolites in the portal blood and
increased TCA cycle enzymatic activity in the gut microbiome
were specific to the vancomycin-treated group, suggesting
that metronidazole improves host insulin sensitivity through
distinct mechanisms. Although we observe potent effects of
itaconate and its isomers on the regulation of insulin sensitivity,
gene expression, and lipogenesis/lipid oxidation, and our data
indicate that these actions are dependent on transcriptional
regulation via PPARa, PGC1a, PPAR«, and SREBF1, the precise
molecular targets of these metabolites are unclear. It is possible
that these metabolites directly interact with these or other pro-
teins, altering their activity and modulating cellular function
through mechanisms, including metabolic flux, post-transcrip-
tional modification, and epigenetics. Further study will be
required to define how these metabolites contribute to the
improved metabolic phenotype and allow translation of this in-
formation to the clinical setting. Finally, it is important to note
that the assessment of the levels of these three closely related
metabolites in most mouse and human studies is very limited,
with most platforms measuring only one of the three. Future
studies should systematically assess all three metabolites so
that one can identify which of these metabolites is likely to be
having these effects.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-IGF-I Receptor B (Tyr1135/1136)/Insulin Cell Signaling 3024; RRID:AB_331253
Receptor p (Tyr1150/1151)

Insulin Receptor p Cell Signaling 3025; RRID:AB_2280448
Phospho-Akt (Ser473) Cell Signaling 4060; RRID:AB_2315049
Akt Cell Signaling 4685; RRID:AB_2225340
SREBP-1 Santa Cruz SC-8984; RRID:AB_2194223
FAS ABCAM ab22759; RRID:AB_732316
ACC Cell Signaling 3662; RRID:AB_2219400
PPAR«x ABCAM ab8934; RRID:AB_306869
ACSL1 Cell Signaling 9189; RRID:AB_10891616
p-actin Santa Cruz SC8432-HRP; RRID:AB_626630
Anti-rabbit 1I9G, HRP-linked Antibody Cell Signaling 7074; RRID:AB_2099233
Anti-mouse 1gG, HRP-linked Antibody Cell Signaling 7076; RRID:AB_330924
Chemicals, peptides, and recombinant proteins

Vancomycin Santa Cruz sC-224363A
Metronidazole Sigma M3761-25G

TRIzol Reagent Life Technologies 15-596-018

iQ SybrGreen Supermix Bio-Rad 1708884

Mag-Bind TotalPure NGS Omega bio-tek M1378-00

Insulin Millipore-Sigma 19278

Itaconate Sigma 129204

Mesaconate Sigma 131040

Citraconate Sigma C82604

RIPA lysis buffer, 10X Millipore-Sigma 20-188

Protease Inhibitor cocktail (EDTA free, 100Xin DMSO) BioTool B14002

Phosphatase Inhibitor Cocktail (2 Tubes, 100X) BioTool B15002

Triptolide MedChemExpress HY-32735

Lipofectamine 3000 ThermoFisher L3000015

Lipofectamine RNAIMAX ThermoFisher 13778150

PPAR«a antagonist, GW6471 MedChemExpress HY-15372

SuperSignal West Pico PLUS ThermoFisher 34580

mitochondrial pyruvate carrier (MPC) inhibitor, UK5099 Tocris 4186

MitoTracker Red FM dye ThermoFisher M22425

Dexamethasone Sigma D4902

Chloroform ThermoFisher AA43685K2

Critical commercial assays

Dual-Glo Luciferase assay system Promega E2940

RNeasy Mini Kit columns QIAGEN 74106

Zymobiomics DNA miniprep kit Zymo Research D4300

lllumina Tagment DNA TDE1 Enzyme and Buffer Kits lllumina 20034197

Nextera DNA CD Indexes lllumina 20018708

Pierce BCA Protein Assay Kits ThermoFisher 23227

High-Capacity cDNA Reverse Transcription Kit ThermoFisher 4368813

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HepG2 cells ATCC HB-8065
AML-12 cells ATCC CRL-2254
Primary hepatocytes N/A N/A
Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory 000664
Mouse: 129S1/SvimJ The Jackson Laboratory 002448
Mouse: 129S6/SvEvTac Taconic Farms 129SVE-M

Oligonucleotides

ON-TARGET plus Human PPARA (5465) siRNA

Horizon discovery

J-003434-05-0002

Primer sequences for quantitative RT-PCR, see Table S1 N/A N/A
Recombinant DNA

PGC1a proximal promoter Addgene 154259
PPAR response elements Addgene 1015
SREBF1 response elements Addgene 90371
LXR response elements Addgene 90348
pRL Renilla Luciferase Control Reporter Vector Promega E2261
Software and algorithms

GraphPad Prism v8 GraphPad software N/A
Excel Microsoft N/A
The R Project for Statistical Computing https://www.r-project.org/ N/A
HUMANN3 Beghini et al.®? N/A
Progenesis Qlsoftware v2.0 Nonlinear Dynamics N/A
TraceFinder 3.3 ThermoFisher N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

Male C57BI/6J (B6J) mice were purchased from Jackson laboratory. Five-week-old mice were randomized according to body weight
and housed 4 per cage. After one week of acclimation, the mice were divided into 4 groups: two groups received normal autoclaved
drinking water, one received water containing vancomycin (1g/L, sc-224363A, Santa Cruz) and the fourth received water containing
metronidazole (1g/L, M3761-25G, Sigma). Drinking water solutions were prepared and changed weekly. After one week, one group
of mice on water continued on the regular chow diet (Mouse Diet 9F 5020, PharmaServ) while the other three groups, one on plain
water and the two on antibiotics, were started on a high fat diet containing 60% fat by calories (HFD, D12492, Research Diets). All
mice continued these diets from 7 to 18 weeks of age. For measurements of effect of diet/antibiotics on gene expression in intestine
and liver, a second cohort was created consisting of B6J mice on either chow or HFD from ages 6 to 11 weeks without and with anti-
biotic supplementation in the drinking water during the last 2 weeks. To explore the role of genetic background on portal enriched
metabolites, a third study group was initiated using 8-week-old mice from three different strains, B6J and 129S1 (129J) from Jackson
Laboratory (Bar Harbor, ME) and 12956 (129T) from Taconic Farms (Germantown, NY). We have previously shown®2%2° that while
B6J mice are both obesity and diabetes prone, 129J and 129T mice are metabolic syndrome resistant. All three strains were main-
tained on HFD for 12 weeks. At the end of the experiment, mice were fasted for 2 hours, anesthetized with Avertin (100 pL per 10 g of
BW), after which blood samples were collected. To collect portal and cardiac blood in mice, the abdomen was opened to expose the
peritoneal cavity, and the intestines were retracted to visualize the portal vein. For portal blood collection, a 27G needle attached to a
1 mL syringe was used to puncture the portal vein, and the blood was slowly. Immediately after collecting portal vein blood, an inci-
sion was made through the thoracic cavity to expose the heart. A 25G needle attached to a 1 mL syringe was inserted into the left
ventricle, and as much blood as possible was withdrawn. Both portal and cardiac blood were directly transferred into collection tubes
containing EDTA to obtain plasma. In addition to blood, cecal contents, intestinal and liver biopsies were collected. All experiments
were approved by the IACUC of the Joslin Diabetes Center and were in accordance with NIH guidelines.

Human data

Samples from the JHS (Jackson Heart Study) —a community-based longitudinal cohort study of 5,301 self-identified Black or African
American individuals from the Jackson, Mississippi, USA, metropolitan statistical area—were analyzed for plasma citraconate levels
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and phenotype correlation. Here we utilized data from 466 individuals from the first exam (2000-2004) in whom citraconate was
measured after being added to the metabolomics platform, assessed by liquid chromatography and mass spectrometry. The JHS
study was approved by the Jackson State University, Tougaloo College, and University of Mississippi Medical Center Institutional
Review Boards, and all participants provided written, informed consent.

METHOD DETAILS

mRNA and gPCR analysis

mRNA was extracted from liver, jejunum and colon in a mix of Trizol and chloroform and then precipitated with 70% of ethanol. mRNA
purification was performed using RNeasy Mini Kit columns (QIAGEN, catalog 74106). cDNA was produced by reverse transcription of
mRNA. gPCR was performed on CFX384 Touch Real-Time PCR Detection System, and the data were analyzed on CFX manager
software (3.1, BioRad). Primers sequences are listed in the Table S1. A Kruskal-Wallis followed by a Dunn’s multiple comparison
was performed to identify genes differentially expressed between each group, a p-value < 0.05 was considered as significant.

DNA extraction, Library preparation and DNA sequencing

DNA was extracted from cecal samples using the Zymobiomics DNA miniprep kit (#D4300). Frozen cecal samples were homoge-
nized in lysis solution using a bead beater homogenizer for 10 min at 20 (frequency 1/ S). The eluted genomic DNA was used as
the template for the library preparation as previously described.®® The gDNA was standardized, tagged (lllumina Tagment DNA
TDE1 Enzyme and Buffer Kits, 20034197) and PCR-mediated adaptor (Nextera DNA CD Indexes, lllumina #20018708) were incor-
porated into the DNA fragments and amplified. The indexed DNA libraries were cleaned with magnetic beads (Omega bio-tek,
#M1378-00). The quality of the DNA libraries was assessed using a 2100 Bioanalyzer (Agilent), and the concentration of DNA read
with Qubit. The 18 individual libraries were pooled, and the pooled library concentration read with Qubit and Nanodrop before being
sent to Genewiz for sequencing.

Metagenomic Data Analysis

transformed value = asin(\/proportion)

Bacterial taxa not detected across all samples were removed, and any duplicated quantifications of the same taxa appearing at
multiple taxonomic levels were filtered out. Following this, the relative abundance of each bacterial taxon was calculated as a pro-
portion of the total bacterial community. These proportions were then arcsine-transformed using the function where ‘proportion’ rep-
resents the proportional abundance. Finally, the dataset was adjusted for confounding variables using surrogate variable analysis.®*

Gene Family Analysis and Mapping to Enzyme Commission Numbers

We analyzed the relative abundance of gene families in the gut microbiome of mice, focusing on those involved in the tricarboxylic
acid (TCA) cycle. Initial observations utilized the UniRef90 gene family dataset, where specific enzymes linked to the TCA cycle were
identified based on high abundance in the high-fat diet treated with vancomycin (HFD-Vanco) group compared to other groups. To
enhance the accuracy of enzyme identification, UniRef90 gene family names were converted to the Enzyme Commission (EC)
numbers as cataloged by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-
IUBMB) with the use of the database conversion scripts provided in HUMANNS.®? This conversion was aimed at utilizing a curated
list of non-redundant enzymes that are directly associated with specific biochemical reactions, ensuring that each enzymatic step in
the TCA cycle was represented.

To address potential biases in gene abundance due to antibiotic treatment effects, we normalized the TCA cycle gene abundances
against the abundances of Universal Single-Copy Genes (USCGs).%° These genes are typically present in a single copy per bacterial
cell and serve as a benchmark for estimating the quasi-absolute abundance of genes across samples. This normalization confirmed
that the observed patterns in TCA cycle gene abundances were not artifacts of relative abundance changes due to antibiotic
treatment.

Metabolomic library preparation and mass spectrometry analysis

LC-MS profiling

A combination of four LC-MS methods were used to profile metabolites in plasma samples as previously described®®; two methods
that measure polar metabolites, one method that measures metabolites of intermediate polarity (e.g., fatty acids and bile acids), and
one method for lipid profiling. For the metabolomics analysis, samples were randomized. Additionally, pairs of pooled reference sam-
ples were inserted in the queue at intervals of approximately one per every 20 samples for quality control and data standardization.
Samples were prepared for each method using extraction procedures that were matched for use with the chromatography condi-
tions. Data were acquired using LC-MS systems comprised of Nexera X2 U-HPLC systems (Shimadzu Scientific Instruments)
coupled to Q Exactive/Exactive Plus Orbitrap mass spectrometers (ThermoFisher). The method details are summarized below.
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LC-MS Method 1: HILIC-pos (positive ion mode MS analyses of polar metabolites)

LC-MS samples were prepared from plasma samples by protein precipitation with the addition of nine volumes of 74.9:24.9:0.2 v/v/v
acetonitrile/methanol/formic acid containing stable isotope-labelled internal standards (valine-d8, Isotec; and phenylalanine-d8,
Cambridge Isotope Laboratories). The samples were centrifuged (10 min, 9,000g, 4 °C), and the supernatants injected directly
onto a 150 x 2-mm Atlantis HILIC column (Waters). The column was eluted isocratically at a flow rate of 250 pl/min with 5% mobile
phase A (10 mM ammonium formate and 0.1% formic acid in water) for 1 min followed by a linear gradient to 40% mobile phase B
(acetonitrile with 0.1% formic acid) over 10 min. MS analyses were carried out using electrospray ionization in the positive ion mode
using full scan analysis over m/z 70-800 at 70,000 resolution and 3-Hz data acquisition rate. Additional MS settings were: ion spray
voltage, 3.5 kV; capillary temperature, 350 °C; probe heater temperature, 300 °C; sheath gas, 40; auxiliary gas, 15; and S-lens RF
level 40.

LC-MS Method 2: HILIC-neg (negative ion mode MS analysis of polar metabolites)

Samples (30 pl) were precipitated by the addition of four volumes of 80% methanol containing inosine-15N4, thymine-d4 and glyco-
cholate-d4 internal standards (Cambridge Isotope Laboratories). The samples were centrifuged (10 min, 9,000g, 4 °C), and the su-
pernatants were injected into a 150 x 2.0-mm Luna NH2 column (Phenomenex). The column was eluted at a flow rate of 400 pl/min
with initial conditions of 10% mobile phase A (20 mM ammonium acetate and 20 mM ammonium hydroxide in water) and 90% mobile
phase B (10 mM ammonium hydroxide in 75:25 v/v acetonitrile/methanol) followed by a 10-min linear gradient to 100% mobile phase
A. MS analyses were carried out using electrospray ionization in the negative ion mode using full scan analysis over m/z 60-750 at
70,000 resolution and 3 Hz data acquisition rate. Additional MS settings were: ion spray voltage, —-3.0 kV; capillary temperature,
350 °C; probe heater temperature, 325 °C; sheath gas, 55; auxiliary gas, 10; and S-lens RF level 40.

LC-MS Method 3: C18-neg (negative ion mode analysis of metabolites of intermediate polarity; for example, bile acids
and free fatty acids)

Samples (30 pl) were extracted using 90 pul methanol containing PGE2-d4 as an internal standard (Cayman Chemical Co.) and centri-
fuged (10 min, 9,000g, 4 °C). The supernatants (10 pl) were injected onto a 150 x 2.1-mm ACQUITY BEH C18 column (Waters). The
column was eluted isocratically at a flow rate of 450 pl/min with 20% mobile phase A (0.01% formic acid in water) for 3 min followed by
alinear gradient to 100% mobile phase B (0.01% acetic acid in acetonitrile) over 12 min. MS analyses were carried out using electro-
spray ionization in the negative ion mode using full scan analysis over m/z 70-850 at 70,000 resolution and 3 Hz data acquisition rate.
Additional MS settings were: ion spray voltage, 3.5 kV; capillary temperature, 320 °C; probe heater temperature, 300 °C; sheath gas,
45; auxiliary gas, 10; and S-lens RF level 60.

LC-MS Method 4: C8-pos

Polar and nonpolar lipids were extracted from 10 pl samples using 190 pl isopropanol containing 1-dodecanoyl-2-tridecanoyl-sn-
glycero-3-phosphocholine as an internal standard (Avanti Polar Lipids; Alabaster, AL). After centrifugation (10 min, 9,000g, ambient
temperature), supernatants (10 pl) were injected directly onto a 100 x 2.1-mm ACQUITY BEH C8 column (1.7 pm; Waters). The col-
umn was eluted at a flow rate of 450 pl/min isocratically for 1 min at 80% mobile phase A (95:5:0.1 v/v/vl 10 mM ammonium acetate/
methanol/acetic acid), followed by a linear gradient to 80% mobile phase B (99.9:0.1 v/v methanol/acetic acid) over 2 min, a linear
gradient to 100% mobile phase B over 7 min, and then 3 min at 100% mobile phase B. MS analyses were carried out using electro-
spray ionization in the positive ion mode using full scan analysis over m/z 200-1,100 at 70,000 resolution and 3 Hz data acquisition
rate. Additional MS settings were: ion spray voltage, 3.0 kV; capillary temperature, 300 °C; probe heater temperature, 300 °C; sheath
gas, 50; auxiliary gas, 15; and S-lens RF level 60.

Metabolomics data processing

Raw LC-MS data were acquired to the data acquisition computer interfaced to each LC-MS system and stored on a robust and
redundant file storage system (Isilon Systems) accessed via the internal network at the Broad Institute. Non-targeted data were pro-
cessed using Progenesis Qlsoftware (v 2.0, Nonlinear Dynamics) to detect and de-isotope peaks, perform chromatographic retention
time alignment, and integrate peak areas. Additionally, chromatograms were automatically integrated and visually inspected for an
acceptable integration using TraceFinder 3.3 (or later versions; ThermoFisher) for specific metabolites of known identity. Temporal
drift was monitored and normalized with the intensities of peaks measured in the pooled reference samples.

Cell culture

HepG2 cells (ATCC, #HB-8065) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (PS) in a 5% CO, environment at 37 °C in a humidified incubator. For insulin-signaling exper-
iments, cells on 12-wells plate were starved for 16h (in DMEM+0.1% BSA) and then stimulated with 100 nM insulin for 15 min. Six
hours before insulin stimulation, itaconate (#129204, Sigma), mesaconate (#131040, Sigma), or citraconate (#C82604, Sigma)
were added into the wells to give final concentrations of 1 or 10 uM, a concentration well within the physiological range. Cells
were washed with PBS 1X and harvested with RIPA lysis buffer (#20-188, Millipore) containing protease and phosphatase inhibitors
(#B14002, #B15002, BioTool). For the time-course experiments, cells were grown on 24-well plates and treated with itaconate, me-
saconate, or citraconate at 10 uM concentration, then returned to the incubator and harvested 3, 6, and 24h after metabolite addition.
Cells without treatment were considered the Oh time-point. In all cases, at the indicated time, the cells were washed with PBS 1X and
collected with Trizol (#15-596-018, Life Technologies). The RNA was extracted as described above, and the samples were submitted
to real-time gPCR analysis.
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In some experiments, to access the transcription-dependent effects of itaconate, mesaconate, and citraconate, the HepG2 cells
were treated with the transcription inhibitor triptolide (100 nM, 2h, #HY-32735, MedChemExpress), then subjected to 6h of metabolite
(10 pM) treatment, after which the cells were washed and the RNA collected for real-time qPCR analysis.

For the luciferase assays, HepG2 on 96-well plates were transfected with plasmids containing the PGC1a proximal promoter
(#154259, Addgene), PPAR response elements (#1015, Addgene), SREBF1 response elements (#90371, Addgene), and LXR
response elements (#90348, Addgene) using Lipofectamine 3000 (#L3000015, ThermoFisher). 48 hours after transfection, the cells
were lysed and luciferase activity was analyzed using the Dual-Glo Luciferase assay system (#E2940, Promega). Bioluminescence
was read using a plate reader CLARIOstar (BMG LABTECH), and the data was normalized by Renilla values.

In some experiments, PPARa knockdown was performed. To this end, HepG2 cells were transfected with PPARa siRNA (5 pmol/
well, #J-003434-05-0002, Horizon Discovery) using Lipofectamine RNAIMAX (#13778150, ThermoFisher). 48h after the transfection,
cells were treated with the metabolites at a concentration of 10 pM for 6h, and RNA extracted for gene expression analysis by gPCR.
Alternatively, to activate PPARq, cells were treated with the PPARa antagonist, GW6471 (#HY-15372, MedChemExpress) at 10 pM
for 24h before collection.

To assess lipogenesis, HepG2 cells were starved for 16h (DMEM+0.1% BSA) and treated with ['“C] acetate (0.3 pCi/well) for 6h in
the absence or presence of insulin (100 nM) and itaconate, mesaconate, or citraconate at 10 pM. Lipids were extracted from the cells
using hexane:isopropanol (3:2), resuspended in toluene, and the radioactive acetate incorporation determined by scintillation
counting.

Immunoblotting analysis

Cells lysates were collected in RIPA lysis buffer containing protease and phosphatase inhibitors, homogenized and protein concen-
tration assessed using Bicinchoninic Acid Protein Assay. Then equal protein amounts (8-12 pg) were submitted to SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and the membranes incubated with primary antibodies for Phospho-IGF-I Receptor § (Tyr1135/
1136)/Insulin Receptor p (Tyr1150/1151) (#3024, Cell Signaling), Insulin Receptor § (#3025, Cell Signaling), Phospho-Akt (Ser473)
(#4060, Cell Signaling), Akt (#4685, Cell Signaling), SREBP-1 (#SC-8984, Santa Cruz), FAS (#ab22759, ABCAM), ACC (#3662, Cell
Siginaling), PPAR«a (#ab8934, ABCAM), ACSL1 (#9189, Cell Signaling), or p-actin (#SC8432-HRP, Santa Cruz). Membranes were
washed and incubated with appropriate secondary antibodies followed by incubation with chemiluminescent reagent
SuperSignal West Pico PLUS (#34580, ThermoFisher).

Assessment of Mitochondrial Function

For mitochondrial experiments, AML12 hepatocytes (ATCC, #CRL-2254) were cultured in DMEM (10% FBS, 1% PS, 10 pg/mL in-
sulin, 5.5 pg/mL transferrin, 5 ng/mL selenium, 40 ng/mL) and plated into 96-well, treated for 6h with itaconate, mesaconate or cit-
raconate (10 uM). For the mitochondrial stress test, the media was changed to running media (Seahorse XF DMEM medium, 10 mM
glucose, 1 mM sodium pyruvate, 2 mM glutamine), and the cells were incubated for 1 h at 37°C without CO,. The plate was trans-
ferred to the XFe96 Seahorse Extracellular Flux Analyzer (Seahorse Bioscience, MA, USA) for pneumatic injection of oligomycin (2 uM
final concentration), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 pM), and rotenone (0.1 pM)/antimycin A
(2.5 pM), and measurement of oxygen consumption rate (OCR). On the same plate, some of the cells were treated for 2h with
100 nM triptolide (#HY-32735, MedChemExpress) to inhibit transcription before the metabolite addition. Another parallel group of
cells were treated with the mitochondrial pyruvate carrier (MPC) inhibitor, UK5099 (2 uM, #4186, Tocris), to analyze pyruvate uptake
dependency.

For the glycolysis stress test, AML12 cells were seeded on 96-well plates, the media was changed to running media (Seahorse XF
DMEM medium, 2 mM glutamine, but without glucose or pyruvate) and extracellular acidification rate (ECAR) was measured in
response to glucose (10 mM final concentration), oligomycin (2 pM final concentration), 2-Deoxy-D-glucose (50 mM final concentra-
tion). For the mitochondrial membrane potential experiment, HepG2 cells were treated for 6h with the metabolites as described
above (10 uM), detached with 0.25% trypsin-EDTA solution for 5 minutes, washed with PBS 1X, and exposed to the MitoTracker
Red FM dye (#M22425, ThermoFisher) for 30 min. The cells were then washed, resuspended in PBS 1X, filtered through a
100 pM mash and submitted to FACS analysis using a Beckton Dickenson FACSAria (BDBiosciences).

In vivo treatment with itaconate and mesaconate

Male C57BI/6J (B6J) at 8-week-old on chow diet were injected intraperitoneally with saline, itaconate (#129204, Sigma), or mesac-
onate (#131040, Sigma) for 3 consecutive days at 10 mg/Kg. Six hours after the last injection, the mice were sacrificed, and liver tissue
was collected for gene expression or mitochondrial function. For the latter, approximately 50 mg of liver was homogenized in mito-
chondrial respiration medium (MIR) using a Dounce homogenizer. Samples (20 mg) were added to an Oxygraph-2k sample chamber
(Oroboros Instruments, Innsbruck, Austria) and maintained at 37°C. Malate (0.5 mM) and glutamate (10 mM) were injected first, fol-
lowed by ADP (2.5 mM) for Complex I-dependent O, consumption. Coupling capacity was measured by adding oligomycin (2.5 mM)
and uncoupling capacity measured after addition of 1 mM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone). After sta-
bilization, the Complex | inhibitor rotenone (1 mM) and the Complex lll inhibitor antimycin A (5 mM) were added to determine Complex
Il-mediated respiration.
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Primary Hepatocytes Isolation

For primary hepatocytes isolation, chow or HFD-fed mice were anesthetized, following by liver perfusion with Krebs-Ringer buffer
(containing 100 pM EGTA) and DMEM (10% FBS, 1% PS, 1.2 mg/mL type | collagenase). The liver was disrupted to release the cells,
filtered through a 100 pm strainer, and centrifuged at 50 g for 3 min, at 4°C. The hepatocyte’s pellet was resuspended in 10 mL DMEM
(10% FBS, 1% PS), and 10 mL of Percoll solution (90% in PBS) was added, followed by centrifugation at 700x g for 5 min, at 4°C. The
cells were washed with cold PBS, counted and plated in pre-coated plates with collagen | (Sigma, #C8919). Four hours after plating,
cells were gently washed to remove floating cells, and fresh DMEM (10% FBS, 1% PS) was added. For insulin-signaling experiments,
the hepatocytes on 12-wells plate were serum starved for 16h (in DMEM+0.1% BSA) followed by insulin stimulation (100 nM, 15 min).
Six hours before insulin stimulation, itaconate (#129204, Sigma), mesaconate (#131040, Sigma), or citraconate (#C82604, Sigma)
were added into the wells (10 uM). Finally, cells were washed with PBS 1X and collected with RIPA lysis buffer (#20-188, Millipore)
with protease and phosphatase inhibitors (#B14002, #B15002, BioTool). For lipid staining with BODIPY (#D3823, Invitrogen), primary
hepatocytes were cultured in DMEM (10% FBS, 1% PS) and metabolites were added into the wells (10 pM) for 6 hours. Two wells/
group were assigned for imaging, and 10 wells/group for cell lysing and fluorescence measurement. For gPCR, primary hepatocytes
in complete media (DMEM+10% FBS+1% PS) were treated with metabolites for 6h, at 10 uM. The cells were washed with PBS 1X
and collected with Trizol (#15-596-018, Life Technologies). The RNA was extracted as described before, and submitted to real-time
gPCR analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Following the processing of the metabolomics data and the identification of metabolites, the dataset was subjected to analysis uti-
lizing weights and mean-variance trends within the linear modeling framework provided by the limma package.®”:°® Tests were
adjusted for multiple testing using the Benjamini-Hochberg false discovery rate (FDR). Metabolites enrichment in the portal or cardiac
blood were defined by fold change >1.25 and p-value<0.05 by paired comparison of the metabolite abundance in the portal blood
compared to cardiac blood. Unpaired comparison was performed to identify metabolites changed by treatment (i.e. HFD, Vancomy-
cin, and Metronidazole). Pearson’s correlations were performed to access interaction of specific bacteria strains or metabolites with
metabolic parameters. For physiological and experimental data one-way ANOVA followed by Tukey’s post-test was performed. Data
were represented as mean + standard error of the mean (SEM).
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